1. Introduction {#sec1-toxins-09-00371}
===============

Mycotoxins are the natural compounds that are produced by fungi, and aflatoxins are the most common known type of these mycotoxins, which are mainly produced by the *Aspergillus flavus* and *Aspergillus paraciticus* \[[@B1-toxins-09-00371]\]. Aflatoxin B~1~ (AFB~1~) is considered to be the most highly widespread and toxic type of aflatoxins \[[@B2-toxins-09-00371]\]. Feed contaminated with AFB~1~, either naturally or purified, can result in aflatoxicosis in poultry, and hence reduce growth performance and immunity, alter the blood biochemistry parameters, and intestinal morphology in broilers \[[@B3-toxins-09-00371],[@B4-toxins-09-00371],[@B5-toxins-09-00371]\]. AFB~1~ increases the production of free radicals, augments the oxidative damage and lipid peroxidation, and hence leads to cell damage and death to animals or humans \[[@B6-toxins-09-00371],[@B7-toxins-09-00371]\]. To further extend, AFB~1~ has been classified by the International Agency for Research on Cancer (IARC) as a group 1 carcinogens to humans, and it is known for its hepatotoxic, teratogenic, and immunosuppressive effects on humans and animals \[[@B8-toxins-09-00371]\]. Moreover, the residues of AFB~1~ presented in animal products, such as meat, could result in serious health problems for humans. Also, there is a positive correlation between aflatoxin intake and human liver cancer, which has been demonstrated in various regions of Asia and Africa \[[@B9-toxins-09-00371],[@B10-toxins-09-00371]\]. Oxidative stress has been reported to play a key role in the toxicity mechanism of AFB~1~; accordingly, the supplementing of antioxidants to animal feed have the ability to protect animals against AFB~1~-induced toxicity by enhancing the antioxidant system and immunity \[[@B11-toxins-09-00371],[@B12-toxins-09-00371],[@B13-toxins-09-00371]\]. Proanthocyanidins are natural compounds that are found in plant based foods, (i.e., grape seed extract). Grape seed proanthocyanidin extract (GSPE) is an extract that is derived from grape seed, enriched with polyphenolic flavonoids, oligomeric proanthocyanidins, and polymerized oligomers. In China, GSPE has been widely used as a dietary supplement having tremendous health benefits to animals and humans \[[@B14-toxins-09-00371],[@B15-toxins-09-00371]\]. For example, GSPE has a wide positive effects, as anti-mutagenic \[[@B16-toxins-09-00371]\], cardioprotective \[[@B17-toxins-09-00371],[@B18-toxins-09-00371]\], and neuroprotective \[[@B19-toxins-09-00371]\] in previous experimental trails. Moreover, Liu et al. \[[@B20-toxins-09-00371]\], reported that GSPE has the ability to enhance working memory, ameliorate symptoms of Alzheimer's disease. Despite the fact that some antioxidants were reported to accelerate cancer progression in smokers and other people at high risk for lung cancer. GSPE is well-known as a powerful antioxidants in the world due to its ability to absorb oxygen radicals, as well as it has anti-inflammatory and anti-cancer effects \[[@B21-toxins-09-00371],[@B22-toxins-09-00371]\]. GSPE has been reported to have significant protection effects against free radicals, free radical-induced lipid peroxidation, and DNA damage as compared to vitamins C, E, and A \[[@B23-toxins-09-00371],[@B24-toxins-09-00371]\]. It has been reported that feeding Kunming mice on GSPE has a significant protective effect on zearalenone-induced hepatic injury and oxidative stress in liver \[[@B25-toxins-09-00371]\]. Furthermore, GSPE increases the body weight gain, significantly improves the oxidative damage of the spleen, and alleviates the immune injury in mice induced by AFB~1~ \[[@B26-toxins-09-00371]\]. It is well documented that GSPE can protect the functions of major organs by improving the antioxidant system, as well as prevent liver injury caused by carbon tetrachloride and ischemia/reperfusion \[[@B24-toxins-09-00371],[@B27-toxins-09-00371]\]. Some researcher revealed that GSPE could prevent drug-induced liver and kidney damage, and can induce anti-tumor and anti-radiation activity \[[@B28-toxins-09-00371],[@B29-toxins-09-00371]\]. Additionally, GSPE can alleviate arsenic-induced oxidative reproductive toxicity and protects the renal function from cisplatin-induced nephrotoxicity \[[@B30-toxins-09-00371],[@B31-toxins-09-00371]\]. The protective action of GSPE against doxorubicin-induced adverse effects was further demonstrated by improving the antioxidants capacity \[[@B32-toxins-09-00371]\]. Likewise, studies have shown that GSPE can be used as a potent antioxidant to improve the antioxidant system status and abnormalities of diabetic rats arising from streptozotocin \[[@B33-toxins-09-00371]\].

Nevertheless, it is not clear whether supplementation of GSPE to AFB~1~ contaminated diets might detoxify aflatoxicosis by improving the oxidative status and the antioxidant defense system in broiler chickens. The objective of this study was to evaluate the toxic effects of AFB~1~ and the protective efficacy of GSPE on growth performance, serum biochemistry, serum immunoglobulins, liver histopathology, serum, and liver antioxidant enzymes activities and aflatoxin residues in the liver of broilers that are exposed to feed contaminated with aflatoxin B~1~.

2. Results {#sec2-toxins-09-00371}
==========

2.1. Growth Performance {#sec2dot1-toxins-09-00371}
-----------------------

The effects of dietary treatments on growth performance are summarized in [Table 1](#toxins-09-00371-t001){ref-type="table"}. During the whole experimental period, the group fed with AFB~1~ contaminated diet (1 mg/kg) recorded the lowest average daily gain (ADG) and average daily feed intake (ADFI) (*p* \< 0.05) as compared with other groups. This effect was alleviated by the addition of GSPE (250 and 500 mg/kg) into diets contaminated with AFB~1~, with a significant increase in ADG and ADFI when compared with the AFB~1~ group. Similarly, feed conversion ratio (FCR) of broilers was negatively affected by the dietary AFB~1~ group during the experimental period (*p* \< 0.05). The supplementation of GSPE (250 and 500 mg/kg) resulted in markedly better FCR (*p* \< 0.05) as compared with the AFB~1~ group. More importantly, the performance of broilers was not affected by the treatment with GSPE alone. These results demonstrated the effect of GSPE on eliminating the toxic effect of AFB~1~ on growth performance.

2.2. Serum Biochemistry {#sec2dot2-toxins-09-00371}
-----------------------

The current experiment revealed the effect of supplementing AFB~1~ contaminated diet with GSPE in different doses on serum biochemical changes. The results presented in [Table 2](#toxins-09-00371-t002){ref-type="table"} showed that feed contaminated with AFB~1~ (1 mg/kg), negatively affected (*p* \< 0.05) the serum biochemical profile as compared with other groups. This toxic effect of AFB~1~ has been ameliorated by supplementation of GSPE (250 and 500 mg/kg), resulted in a significant decrease in the serum level of Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), and alkaline phosphatase (ALP) by nearly 31%, 16%, 16%, and 13%, respectively, when compared with the group fed AFB~1~ alone. Whereas, no significant differences were found when compared with the control group. On the same trend, the addition of 250 or 500 mg/kg GSPE to AFB~1~ contaminated diet, significantly improved the content of total protein (TP), albumin (ALB), and globulin (GLU) as compared with group fed with AFB~1~ contaminated diet alone. However, no significant differences were found in the biochemical parameters when GSPE 250 mg/kg supplemented to non-contaminated diet compared with the control group.

2.3. Serum Immunoglobulins {#sec2dot3-toxins-09-00371}
--------------------------

From [Figure 1](#toxins-09-00371-f001){ref-type="fig"}, it has been cleared that the feeding broilers diet contaminated with AFB~1~ (1 mg/kg) altered the immune response of birds. AFB~1~ significantly (*p* \< 0.05) reduced IgA, IgG, and IgM by 24%, 51%, and 36%, respectively, when compared with the control group. The addition of GSPE (250 or 500 mg/kg) to contaminated diet alleviated (*p* \< 0.05) the toxic effect of AFB~1~ on serum immunoglobulin parameters. In contrast, there were no significant differences between the two levels of GSPE (250 and 500 mg/kg) when supplemented to contaminated diet. These results indicated that AFB~1~ caused damage to the immune system. However, the addition of GSPE to AFB~1~ contaminated diet was able to counteract the adverse effects of AFB~1~ on the immune system.

2.4. Serum Antioxidant Parameters {#sec2dot4-toxins-09-00371}
---------------------------------

The effects of GSPE on the serum antioxidants indices of broiler exposed to AFB~1~ are summarized in [Table 3](#toxins-09-00371-t003){ref-type="table"}. Broilers fed on a diet contaminated with AFB~1~ increased the serum malondialdehyde (MDA) content compared with the control group (*p* \< 0.05). However, the addition of GSPE into diets contaminated with AFB~1~ significantly decreased the level of MDA content with no difference in the level of MDA between both doses (250 and 500 mg/kg) of GSPE groups. The activities of total superoxide dismutase (T-SOD), glutathione peroxide (GSH-Px), catalase (CAT), glutathione reductase (GR), glutathione-S transferase (GST), and the concentration of glutathione (GSH), were (*p* \< 0.05) decreased with AFB~1~ treatment as compared with the control group. While the addition of GSPE (250 and 500 mg/kg) in AFB~1~ contaminated diet significantly improved the antioxidant enzymes activities. These results confirmed that GSPE significantly improved the antioxidant activities in the serum and decreased the oxidative damage induced by AFB~1~.

2.5. Histopathological Variations and Relative Weight of Liver {#sec2dot5-toxins-09-00371}
--------------------------------------------------------------

The results of the histopathological changes in the liver are shown in [Figure 2](#toxins-09-00371-f002){ref-type="fig"}. No histopathological alterations were observed in the liver of broilers in the control and GSPE (250 mg/kg) group ([Figure 2](#toxins-09-00371-f002){ref-type="fig"}, profile A, B). In contrast, results of the histological analysis revealed a significant damage in the liver tissue of broilers consumed AFB~1~ alone ([Figure 2](#toxins-09-00371-f002){ref-type="fig"}, profile C). Liver tissue from this treatment had periportal fibrosis, hydropic degeneration/fatty changes, and bile duct hyperplasia when compared with the tissue of birds fed with uncontaminated diet. Strikingly, the supplementation of GSPE (250 or 500 mg/kg) to AFB~1~ diets prevented injury to the hepatic parenchyma of broilers ([Figure 2](#toxins-09-00371-f002){ref-type="fig"}, profiles D, E). Relative liver weight was negatively altered (*p* \< 0.05) when birds fed with AFB~1~ contaminated diet (1 mg/kg). The results showed a statistically significant increment in the relative liver weight in the AFB~1~ fed group. The inclusion effect of GSPE (250 or 500 mg/kg) to diet having AFB~1~ (1 mg/kg) can be clearly observed with a significant (*p* \< 0.05) improvement in the relative liver weight [Figure 3](#toxins-09-00371-f003){ref-type="fig"}. Moreover, no significant differences were recorded between the two levels of GSPE (250 and 500 mg/kg). Furthermore, histological findings provided additional evidence of the beneficial effect of GSPE on alleviating the toxicity induced by AFB~1~ in broilers.

2.6. Hepatic Antioxidant Parameters {#sec2dot6-toxins-09-00371}
-----------------------------------

The results from the current experiment revealed that feeding broiler with diet contaminated with AFB~1~ (1 mg/kg) has a negative effect (*p* \< 0.05) in altering the antioxidant status of the liver [Table 4](#toxins-09-00371-t004){ref-type="table"}. This effect can be clearly observed with an increment in the content of malondialdehyde (MDA) by 65% as compared with the control group (*p* \< 0.05). While the supplementation with GSPE in doses of 250 and 500 mg/kg along with AFB~1~ contaminated diet decreased (*p* \< 0.05) MDA content by 45%, 40%, respectively, when compared with the AFB~1~ group.

Moreover, treatments with GSPE (250 and 500 mg/kg) along with AFB~1~ diet resulted in a significant stimulation of the antioxidant system in the liver for counteracting the oxidative damage caused by AFB~1~, resulting in a significant improvement by 31, 29, 23, 24, 17, and 15% in the activity of T-SOD, GSH-Px, CAT, GSH, GR, and GST, respectively, as compared with the AFB~1~ group. In contrast, no significant differences (*p* \< 0.05) were recorded for the liver antioxidant parameters excluding GSH-Px and GSH, when GSPE (250 mg/kg) supplemented to uncontaminated diet compared with the control group.

2.7. Aflatoxin B~1~ Residues in Liver {#sec2dot7-toxins-09-00371}
-------------------------------------

The AFB~1~ residues in the liver of broilers fed diet contaminated with AFB~1~ or with GSPE are given in [Figure 4](#toxins-09-00371-f004){ref-type="fig"}. AFB~1~ residues were not detectable in the liver of broilers that consumed the uncontaminated diet (control and 250 mg/kg GSPE alone). A detectable level of AFB~1~ (0.33 µg/kg) was found in the liver of broilers fed AFB~1~ contaminated diet. While the supplementation of GSPE (250 and 500 mg/kg) to AFB~1~ diet (1 mg/kg) resulted in a significant decrease in AFB~1~ residues in the liver by 51% and 42%, respectively, when compared with the AFB~1~ alone group.

3. Discussion {#sec3-toxins-09-00371}
=============

3.1. Growth Performance {#sec3dot1-toxins-09-00371}
-----------------------

AFB~1~ can cause huge economic losses in poultry by reducing growth rate, feed efficiency, and increasing the incidence of disease, hence increasing mortality \[[@B10-toxins-09-00371],[@B34-toxins-09-00371]\]. This study clearly demonstrated the toxic effects of feeding 1 mg/kg AFB~1~ on the growth performance of broiler chickens. These results are in alignment with previous studies, which showed that broilers fed diets contaminated with 1 mg/kg AFB~1~ significantly decreased ADG and ADFI with an adverse effect of AFB~1~ on the cumulative feed gain ratio of broiler chickens when compared with the control group \[[@B35-toxins-09-00371],[@B36-toxins-09-00371]\]. These adverse effects can be explained as AFB~1~ has been associated with reluctance, anorexia, and the inhibition of protein synthesis and lipogenesis \[[@B37-toxins-09-00371]\]. In addition, previous researchers reported that AFB~1~ could alter the intestinal absorbing barrier and reduce the activity of pancreatolipase, amylase, and trypsin, and change the energy metabolism of the cell by disturbing the gluconeogenesis, tricarboxylic acid cycle, and fatty acid synthesis, resulting in lower growth rate \[[@B38-toxins-09-00371]\]. This toxic effect of AFB~1~ on growth performance can be overcome by the supplementation with GSPE. Long, M. et al. \[[@B26-toxins-09-00371]\] reported that GSPE could significantly improve the body weight of mice reduced by AFB~1~. This agrees with our findings, which showed that the addition of GSPE in both levels (250 and 500 mg/kg) to diets contaminated with AFB~1~ significantly improved ADFI, ADG, and FCR when compared with the AFB~1~ group.

3.2. Serum Biochemistry {#sec3dot2-toxins-09-00371}
-----------------------

The liver is considered to be the principal target organ for aflatoxins. Determination of the toxic biochemical effects of aflatoxins in serum is necessary for the diagnosis of hepatic damage in broilers \[[@B39-toxins-09-00371]\]. AFB~1~ toxicity in broilers decreases the serum concentration of total protein, albumin, and globulin, and increases hepatic enzyme activities, such as ALT, AST, GGT, and ALP \[[@B35-toxins-09-00371],[@B40-toxins-09-00371],[@B41-toxins-09-00371]\]. Our findings related to serum biochemical changes indicated that feeding diets contaminated with 1 mg/kg AFB~1~ significantly decreased total protein, albumin, and globulin contents, and increased the AST, ALT, GGT, and ALP activities, as compared with the control group. These results are in accordance with previous studies \[[@B35-toxins-09-00371],[@B40-toxins-09-00371],[@B41-toxins-09-00371]\]. The changes in the serum biochemistry during aflatoxicosis could be explained as the protein synthesis in the liver is inhibited, as well as other associated damage in the liver and kidney \[[@B41-toxins-09-00371],[@B42-toxins-09-00371]\]. Furthermore, during the biological conversion of aflatoxins, it produces a large number of active metabolites, which bind to DNA and RNA, resulting in a reduction in the protein production and damaging the liver structure \[[@B43-toxins-09-00371],[@B44-toxins-09-00371]\]. The alteration of AST and ALT may be due to the disruption of the hepatic cells as a result of necrosis or a consequence of altering the cell membrane permeability \[[@B45-toxins-09-00371]\]. Therefore, in our study, the concentration of total protein, albumin, and globulin are significantly increased, and AST, ALT, GGT, and ALP were significantly decreased in serum when broilers ingest aflatoxin B~1~-contaminated diets containing GSPE (250 and 500 mg/kg) as compared with the AFB~1~ group. In this present study, these findings indicated that AFB~1~ damaged the liver and supplementation of GSPE reduced the toxic effects of AFB~1~ on liver functions.

3.3. Serum Immunoglobulins {#sec3dot3-toxins-09-00371}
--------------------------

Toxic effects of AFB~1~ on the immunosuppression in animals is a welfare concern, as it may increase the possibility of the exposure to infectious disease, hence resulting in economic losses \[[@B46-toxins-09-00371]\]. Detecting the concentration of serum immunoglobulins, such as IgA, IgG, and IgM is the most common method to test the humoral immunity response \[[@B47-toxins-09-00371]\]. In the current study, broilers fed diet contaminated with AFB~1~ showed a significant decrease in the content of serum IgA, IgG, and IgM when compared with the control group. These results are in consistent with the previous study that showed that AFB~1~ is known to be immunosuppressive in birds, and reported that a diet containing AFB~1~ significantly reduced the content of serum IgA, IgG, and IgM in broilers \[[@B48-toxins-09-00371],[@B49-toxins-09-00371]\]. These results showed that the humoral function of the body might be impaired by AFB~1~. Nevertheless, studies showed that there was no significant decrease in serum IgM content in broiler chickens that are exposed to AFB~1~ \[[@B41-toxins-09-00371],[@B49-toxins-09-00371]\]. The different results can be explained as the effects of AFB~1~ on humoral immunity depend on the dosage and species of chicken. As AFB~1~ impairs protein synthesis, resulting in a reduction in the contents of immunoglobulins. Furthermore, aflatoxins impair amino acid transport and mRNA transcription, resulting in an inhibition of DNA synthesis, hence reduce antibody titers \[[@B43-toxins-09-00371],[@B50-toxins-09-00371]\]. Besides, the reduction in the frequencies of IgA, IgG, and IgM bearing cells in the bursa of Fabricius induced by aflatoxins, significantly contributed to the reduction of immunoglobulins \[[@B51-toxins-09-00371]\]. Our results showed that the addition of GSPE to contaminated diets with AFB~1~ significantly increased the serum IgA, IgG, and IgM content when compared with the AFB~1~ group. These results indicated that AFB~1~ caused impairment to the immune system. However, the addition of GSPE was able to overcome the adverse effects of AFB~1~ on the immune system.

3.4. Serum and Liver Antioxidant Parameters {#sec3dot4-toxins-09-00371}
-------------------------------------------

Recently, there has been increased interest among poultry scientists on the usage of antioxidants against the toxic effects of aflatoxins. This is because aflatoxins have been demonstrated to induce the production of reactive oxygen species (ROS) and oxidative stress can be suggested as one of the underlying mechanisms for AFB~1~ induced cell injury and DNA damage \[[@B52-toxins-09-00371]\]. AFB~1~ increases the production of ROS, consequently attacks the cell membrane lipids, and hence alter the cell membrane fluidity and permeability, resulting in oxidative damage \[[@B53-toxins-09-00371],[@B54-toxins-09-00371]\]. The stage of cell damage and lipid peroxidation can be identified by measuring the content of MDA, which is the main products of polyunsaturated lipid peroxidation \[[@B55-toxins-09-00371]\]. The GSH, SOD, CAT, and GSH-PX are important components of the endogenous antioxidant defense system, play an important role in free radicals scavenging, and maintain the intracellular redox balance. The consumption of AFB~1~ can decrease these antioxidants levels resulting in oxidative stress \[[@B56-toxins-09-00371]\]. Our results showed that diet contaminated with AFB~1~ significantly increased the concentration of MDA and decrease the activities of GSH, T-SOD, CAT, GSH-PX, GR, and GST in the liver and the serum of broilers when compared with the control group. With different doses of AFB~1~, similar toxic effects on oxidative status were observed in the liver and serum of broilers \[[@B41-toxins-09-00371],[@B49-toxins-09-00371],[@B57-toxins-09-00371],[@B58-toxins-09-00371]\]. However, the addition of both levels of GSPE to diets contaminated with AFB~1~ effectively inhibited lipid peroxidation and improved the antioxidant level in the liver and serum. Previous results showed that dietary supplementation of GSPE alleviated AFB~1~-induced oxidative stress and significantly improved the immune injury in mice \[[@B26-toxins-09-00371]\]. Furthermore, the protective action of GSPE against zearalenone induced adverse effects was further demonstrated by improving the antioxidant capacity \[[@B25-toxins-09-00371]\]. Consequently, the antioxidant effect of GSPE in broiler chickens plays a significant role in preventing the oxidative damage that is induced by AFB~1~.

3.5. Histopathological Variations and Relative Weight of Liver {#sec3dot5-toxins-09-00371}
--------------------------------------------------------------

Aflatoxins have several effects on poultry, including liver pathology, and the alterations of relative organ weights \[[@B41-toxins-09-00371],[@B49-toxins-09-00371],[@B57-toxins-09-00371]\]. Histological results revealed that GSPE played a protective role against injuries induced by AFB~1~. Presumably, it has been reported for the first time that GSPE can ameliorate liver injuries in broilers induced by AFB~1~. Intriguingly, dietary supplementation of GSPE mitigated histopathological alterations that were induced by AFB~1~. These findings were similar to the previous study, which showed a positive effect of GSPE to zearalenone-induced hepatic injury \[[@B25-toxins-09-00371]\]. In addition, our results showed that the relative weight of liver significantly increased in the AFB~1~ group when compared with the control group. These results are in consistent with previous studies about the toxicity of AFB~1~ on relative weight of liver, AFB~1~ increases liver weight as lipids accumulate in the liver, which results in hepatomegaly \[[@B36-toxins-09-00371],[@B59-toxins-09-00371]\]. In our present study, the notable increment in liver relative weight in AFB~1~ group was significantly ameliorated by the addition of GSPE (250 and 500 mg/kg) in AFB~1~ contaminated diet. Therefore, these results confirmed that GSPE has a protective effect on the liver damage caused by AFB~1~.

3.6. AFB~1~ Residues {#sec3dot6-toxins-09-00371}
--------------------

It is well known that the liver is the main detoxifying organ that removes wastes and xenobiotics by metabolic conversion and biliary excretion \[[@B60-toxins-09-00371]\]. It has been demonstrated that aflatoxins intake is associated with a high-level incidence of human liver cancer \[[@B61-toxins-09-00371]\]. In the present study, we observed the level (0.33 µg/kg) of AFB~1~ residues in the liver of broilers fed on the AFB~1~ (1 mg/kg) contaminated diet. Previous research reported that broilers fed AFB~1~ (1 mg/kg) contaminated diet for six weeks, the level of AFB~1~ residues was found (0.166 µg/kg) in the liver \[[@B62-toxins-09-00371]\]. Another study showed that residual level of AFB~1~ (0.05 and 0.13 µg/kg) were also observed in the livers of broilers given diet containing 50 and 100 µg/kg of AFB~1~ \[[@B10-toxins-09-00371]\]. Residues of AFB~1~ were also detected in the liver of laying hens given 2.5 mg/kg of AFB~1~ diet for four weeks, at levels that ranged from 1.92 to 4.13 µg/kg \[[@B63-toxins-09-00371]\]. The differences in the residue levels may be because of the differences in bird and diet types, the concentration of AFB~1~, the duration, and the tolerance to aflatoxins. The results of the present study showed that the level of AFB~1~ residues in the liver significantly decreased with the addition of GSPE to AFB~1~ contaminated diet when compared with the AFB~1~ group. The protective effects of GSPE from AFB~1~ may be due to their specific biotransformation of AFB~1~ in the gastrointestinal tract, which leads to the reduction of AFB~1~ absorption, consequently reduce aflatoxin residues in the liver.

4. Conclusions {#sec4-toxins-09-00371}
==============

It can be concluded that dietary supplementation of GSPE (250 and 500 mg/kg) detoxify aflatoxicosis induced by AFB~1~ (1 mg/kg) in broilers, as it improved growth performance, antioxidants capacity, immune function, serum biochemical profile, and histopathological lesions, as well as GSPE resulted in a reduction in the concentration of AFB~1~ residue in the liver. Finally, we suggest that GSPE should be used in either doses 250 or 500 mg/kg as a promising feed additive to detoxify aflatoxins in the broilers feed.

5. Material and Methods {#sec5-toxins-09-00371}
=======================

5.1. Birds, Diets, and Management {#sec5dot1-toxins-09-00371}
---------------------------------

The current study was approved by the Scientific Ethics Committee of Huazhong Agricultural University on 6 March 2016. Ethical approval code HZAUCH-2016-007. Grape seed proanthocyanidin extract was purchased from Zelang Medical Technology Company (Nanjing, China; purity ≥ 95%).

For the experiment, 300 one-day old Cobb broilers were obtained from a commercial hatchery (Jingzhou Kang Poultry Co., Ltd., Jingzhou, China). After three days of acclimation, birds with similar body weight were randomly distributed into five groups with six replicates per group (*n* = 60 per treatment) were grouped based on the following five dietary treatments; 1. A basal diet containing neither GSPE nor AFB~1~ (Control), 2. A basal diet containing 1 mg/kg AFB~1~ from contaminated corn (AFB~1~), 3. Basal diet containing 250 mg/kg GSPE (GSPE 250 mg/kg), 4. Basal diet containing 1 mg/kg AFB~1~ + 250 mg/kg GSPE (AFB~1~ + GSPE 250), 5. Basal diet containing 1 mg/kg AFB~1~ + 500 mg/kg GSPE (AFB~1~ + GSPE 500). Diets and water were provided *ad libitum* during the whole experimental period (4 weeks). The experiment conducted under environmental controlled conditions.

The composition of the basal diets are presented in [Table 5](#toxins-09-00371-t005){ref-type="table"}.

5.2. Aflatoxin B~1~ Production and Analysis {#sec5dot2-toxins-09-00371}
-------------------------------------------

*Aspergillus flavus* strain (NRRL-3357) was used in this study with a known AFB~1~ production capacity \[[@B64-toxins-09-00371]\]. The strain was maintained as a glycerol stock preparation at --80 °C. It was grown on Petri dishes containing potato dextrose agar (E. Merck, Darmstadt, Germany) medium at 30 °C for seven days. Aflatoxin B~1~ was produced according to the technique proposed by Liu Jie et al. \[[@B65-toxins-09-00371]\]. The inoculated maize was incubated for 15 days to obtain the approximate AFB~1~ content of 6400 µg/kg. The AFB~1~ contaminated maize was stored at 4 °C prior to treatment. The aflatoxin B1 concentration was determined by High-Performance Liquid Chromatography (Agilent 1260 series HPLC, Waldbronn, Germany) according to Liu Jie et al. \[[@B65-toxins-09-00371]\].

5.3. Collection of Samples and Measurements {#sec5dot3-toxins-09-00371}
-------------------------------------------

Chickens were weighed on a weekly basis and feed consumption for each replicate was measured weekly until the end of the experiment (four weeks). Body weight (BW), average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) were calculated. At 28 days of age, one bird close to the average weight was selected from each replicate. After the chickens fasted for 12 h, blood samples were collected in tubes by puncture of the wing vein. The blood samples were centrifuged (Eppendorf centrifuge 5804R, Hamburg, Germany) at 1000× *g* at 4 °C for 10 min, and the serum was separated and stored at −20 °C for biochemical, immunoglobulins, and serum antioxidants analysis. After taking blood samples, birds were then sacrificed, the liver was removed and weighed immediately. A portion of liver was snap frozen in liquid nitrogen and stored at −80 °C for antioxidants analysis.

5.4. Serum Biochemical and Histopathological Analysis {#sec5dot4-toxins-09-00371}
-----------------------------------------------------

Serum contents of total protein (TP, g/L), albumin (ALB, g/L), globulin (GLU, g/L), along with activities of aspartate aminotransferase (AST, U/L), alanine aminotransferase (ALT, U/L), gamma-glutamyl transferase (GGT, U/L), and alkaline phosphatase (ALP, U/L) were determined in serum samples. Analysis of the serum samples was performed by an automatic biochemistry analyzer according to the manufacturer's recommended procedure (Beckman Synchron CX4 PRO, Fullerton, CA, USA). For histopathological examination, the liver tissues were fixed in 10% neutral buffered formalin, routinely embedded in paraffin, cut into 5 µm thick sections, and processed for hematoxylin and eosin (H & E) staining. Liver section from all broilers was microscopically examined.

5.5. Serum and Liver Antioxidant Enzymes Assays {#sec5dot5-toxins-09-00371}
-----------------------------------------------

Liver tissue samples (0.5 g) were cut into small pieces and homogenized (Ningbo, China) in 4.5 ml ice cold physiological saline. The homogenate was centrifuged at 1000× *g* for 15 min at 4 °C. The supernatant was collected and stored at −80 °C for the following analysis. The activities of catalase (CAT), glutathione peroxide (GSH-Px), total superoxide dismutase (T-SOD), glutathione reductase (GR), and glutathione-S transferase (GST), and content of malondialdehyde (MDA), and glutathione (GSH), in the serum and hepatic supernatants were determined spectrophotometrically (Hengping, Shanghai, China) using commercially available assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The details of all the determination procedures followed by the manufacturer's protocols for the commercial kits.

5.6. Serum Concentrations of Immunoglobulins Analysis {#sec5dot6-toxins-09-00371}
-----------------------------------------------------

The contents of serum, IgA, IgM, and IgG were measured using commercial kits, purchased from (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The measurements were performed according to the detection kit instructions.

5.7. Analysis of Aflatoxin Residues in Liver {#sec5dot7-toxins-09-00371}
--------------------------------------------

Liver samples were kept at −20 °C for analyzing the residues of AFB~1~. Six birds from each treatment (one bird from each replicate) were selected for this analysis. AFB~1~ residues in liver were analyzed according to the method described by Jie et al. \[[@B65-toxins-09-00371]\] and Ma et al. \[[@B66-toxins-09-00371]\], with slight modification. Briefly, the defrosted liver samples (15 g) were homogenized and blended with 2.5 g of NaCl in 50 mL of methanol and water (80:20) for 30 min. The mixture was filtered through a Whatman filter paper, and then a 10 mL aliquot of the supernatant was collected and mixed with 10 mL Hexane and shaken gently on a mechanical shaker (Shanghai, China) for 15 min. After shaking, the upper layer containing hexane was discarded and the lower layer was separated for further treatment. AFB~1~ was extracted three times with 10, 5, and 5 mL (in total 20 mL) of dichloromethane. The dichloromethane layer was evaporated under the steam of nitrogen at 60 °C.

The residue obtained after the evaporation was re-dissolved in 200 µL of acetonitrile/water (9:1, *v*/*v*) and was then derivatized using 700 µL of TFA (trifluoroacetic acid)/acetic acid/water (20:10:70, *v*/*v*/*v*). The derivatized solution was filtered through Millex PTFE 0.22 µm filters (Tianjin, China). Finally, samples were analyzed using an Agilent 1260 series HPLC (Waldbronn, Germany) equipped with a C~18~ column (250 × 4.6 mm, 5 µm, Agilent). A mobile phase composed of water: methanol: acetonitrile (60:30:10), was used in this study at a flow rate of 1 mL/min. Detection was performed by fluorescence detector at a wavelength, excitation 360 nm, and emission 440 nm.

5.8. Statistical Analysis {#sec5dot8-toxins-09-00371}
-------------------------

One-way ANOVA was applied to assess the differences among mean values. Duncan's test was used for multiple comparisons when a significant difference was detected. All data are presented as the mean ± SD, and the significance level was set at *p* \< 0.05 for all measurements. Whole analysis was conducted using IBM SPSS Statistic 22 (IBM Corporation, Armonk, New York, NY, USA).
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![Hepatic histomorphology and histopathology from various groups of experimental broilers. The liver sections were stained with haematoxylin & eosin (100× magnification). (**A**) Control; (**B**) GSPE 250 mg/kg; (**C**) AFB~1~; (**D**) AFB~1~ + GSPE 250 mg/kg; (**E**) AFB~1~ + GSPE 500 mg/kg. PF: periportal fibrosis, HD: hydropic degeneration/fatty changes, and BH: bile duct hyperplasia.](toxins-09-00371-g002){#toxins-09-00371-f002}

![Effects of GSPE on relative liver weight of broilers fed diets contaminated with AFB~1~. Values are represented as the mean ± SD (*n* = 6). ^a--c^ columns with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract.](toxins-09-00371-g003){#toxins-09-00371-f003}

![Effects of GSPE on aflatoxin B~1~ residues in liver of broilers fed diet contaminated with AFB~1~. Values are represented as the mean ± SD (*n* = 6). ^a,b^ columns with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract.](toxins-09-00371-g004){#toxins-09-00371-f004}

toxins-09-00371-t001_Table 1

###### 

Effects of grape seed proanthocyanidin extract (GSPE) on growth performance of broilers fed diets contaminated with Aflatoxin B~1~ (AFB~1~).

  Parameters        Dietary Treatments                                                              
  ----------------- -------------------- ------------------ ------------------- ------------------- -------------------
  1--2 weeks                                                                                        
  ADFI (g/day)      52.56 ± 0.97 ^a^     40.31 ± 1.54 ^c^   51.7 ± 1.19 ^a^     45.35 ± 1.21 ^b^    45.91 ± 2.70 ^b^
  ADG (g/day)       39.09 ± 1.43 ^a^     25.77 ± 1.31 ^c^   38.92 ± 1.44 ^a^    30.85 ± 0.82 ^b^    30.61 ± 1.99 ^b^
  FCR (feed:gain)   1.35 ± 0.05 ^c^      1.57 ± 0.13 ^a^    1.33 ± 0.04 ^c^     1.47 ± 0.04 ^b^     1.50 ± 0.05 ^a,b^
  3--4 weeks                                                                                        
  ADFI (g/day)      104.95 ± 9.16 ^a^    71.64 ± 4.42 ^c^   106.24 ± 2.44 ^a^   80.72 ± 2.62 ^b^    83.74 ± 1.62 ^b^
  ADG (g/day)       69.69 ± 2.90 ^b^     45.14 ± 3.98 ^d^   73.78 ± 1.27 ^a^    53.13 ± 1.57 ^c^    54.08 ± 1.74 ^c^
  FCR (feed:gain)   1.51 ± 0.12 ^a,b^    1.59 ± 0.07 ^a^    1.44 ± 0.02 ^b^     1.52 ± 0.08 ^a,b^   1.55 ± 0.03 ^a^
  1--4 weeks                                                                                        
  ADFI (g/day)      78.75 ± 4.78 ^a^     55.98 ± 2.79 ^c^   78.80 ± 1.02 ^a^    63.04 ± 1.17 ^b^    64.82 ± 2.07 ^b^
  ADG (g/day)       54.40 ± 1.75 ^b^     35.46 ± 1.71 ^d^   56.43 ± 1.25 ^a^    41.99 ± 1.10 ^c^    42.35 ± 1.66 ^c^
  FCR (feed:gain)   1.45 ± 0.07 ^c^      1.58 ± 0.03 ^a^    1.40 ± 0.02 ^c^     1.50 ± 0.06 ^b^     1.53 ± 0.02 ^a,b^

Values are represented as the mean ± SD (*n* = 60). ^a--d^ Mean values within a row with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract; ADFI, average daily feed intake; ADG, average daily gain; FCR, feed conversion ratio.

toxins-09-00371-t002_Table 2

###### 

Effects of GSPE on serum biochemical parameters of broilers fed diets contaminated with AFB~1~.

  Parameters       Dietary Treatments                                                                        
  ---------------- --------------------- ---------------------- --------------------- ---------------------- ------------------------
  ALT (U/L)        1.76 ± 0.13 ^b^       2.43 ± 0.18 ^a^        1.68 ± 0.10 ^b^       1.87 ± 0.14 ^b^        1.85 ± 0.17 ^b^
  AST (U/L)        272.57 ± 24.34 ^c^    352.63 ± 30.23 ^a^     257.53 ± 14.37 ^c^    312.25 ± 19.67 ^b^     298.67 ± 16.50 ^b^
  GGT (U/L)        20.45 ± 1.37 ^c^      29.57 ± 1.69 ^a^       20.95 ± 1.43 ^c^      26.38 ± 1.85 ^b^       24.62 ± 1.65 ^b^
  ALP (U/L)        1499.75 ± 73.22 ^c^   1891.43 ± 144.70 ^a^   1481.93 ± 88.92 ^c^   1730.88 ± 136.48 ^b^   1608.38 ± 124.54 ^b,c^
  TP (g/L)         29.57 ± 2.07 ^a^      18.32 ± 1.43 ^c^       29.45 ± 1.01 ^a^      24.57 ± 2.10 ^b^       23.08 ± 1.86 ^b^
  Albumin (g/L)    15.50 ± 0.96 ^a^      10.33 ± 0.65 ^c^       15.92 ± 0.88 ^a^      13.05 ± 0.94 ^b^       13.13 ± 0.82 ^b^
  Globulin (g/L)   12.57 ± 0.43 ^a^      9.01 ± 0.65 ^c^        12.61 ± 0.63 ^a^      11.82 ± 0.61 ^b^       12.02 ± 0.52 ^a,b^

Values are represented as the mean ± SD (*n* = 6). ^a--c^ Mean values within a row with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; ALP, alkaline phosphate; TP, total protein.

toxins-09-00371-t003_Table 3

###### 

Effects of GSPE on antioxidant parameters in the serum of broilers fed diets contaminated with AFB~1~.

  Parameters     Dietary Treatments                                                                       
  -------------- --------------------- -------------------- ---------------------- ---------------------- ---------------------
  MDA, nmol/mL   2.46 ± 0.19 ^c^       4.05 ± 0.44 ^a^      2.32 ± 0.18 ^c^        3.24 ± 0.32 ^b^        3.37 ± 0.29 ^b^
  T-SOD, U/mL    157.52 ± 13.20 ^b^    108.91 ± 10.55 ^c^   182.57 ± 9.47 ^a^      150.53 ± 11.02 ^b^     154.29 ± 9.35 ^b^
  GSH-Px, U/mL   1544.56 ± 62.50 ^a^   913.67 ± 82.97 ^c^   1629.54 ± 133.29 ^a^   1293.92 ± 100.44 ^b^   1345.37 ± 88.06 ^b^
  CAT, U/mL      2.80 ± 0.24 ^a,b^     1.83 ± 0.17 ^d^      2.91 ± 0.25 ^a^        2.59 ± 0.16 ^b,c^      2.36 ± 0.21 ^c^
  GSH, mg/L      5.76 ± 0.23 ^b^       3.02 ± 0.18 ^c^      7.26 ± 0.63 ^a^        6.24 ± 0.47 ^b^        5.93 ± 0.40 ^b^
  GR, U/L        27.39 ± 2.75 ^b^      16.67 ± 1.43 ^d^     31.28 ± 2.64 ^a^       24.17 ± 1.55 ^c^       25.08 ± 2.26 ^b,c^
  GST, U/mL      57.25 ± 3.00 ^a^      39.76 ± 3.50 ^c^     54.81 ± 4.48 ^a,b^     50.31 ± 4.03 ^b^       51.95 ± 3.69 ^b^

Values are represented as the mean ± SD (*n* = 6). ^a--d^ Mean values within a row with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract; MDA, malondialdehyde; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; GR, glutathione reductase; GST, glutathione S-transferase.

toxins-09-00371-t004_Table 4

###### 

Effects of GSPE on antioxidant parameters in the liver of broilers fed diets contaminated with AFB~1~.

  Parameters                             Dietary Treatments                                          
  ------------------ ------------------- -------------------- ------------------ ------------------- -------------------
  MDA, nmol/mgprot   0.96 ± 0.05 ^c,d^   1.59 ± 0.17 ^a^      0.82 ± 0.10 ^d^    1.09 ± 0.08 ^b,c^   1.14 ± 0.13 ^b^
  T-SOD, U/mgprot    71.87 ± 4.59 ^a^    52.70 ± 7.04 ^b^     79.19 ± 2.75 ^a^   76.14 ± 6.67 ^a^    76.52 ± 8.50 ^a^
  GSH-Px, U/mgprot   51.65 ± 4.66 ^b^    29.77 ± 3.56 ^d^     62.46 ± 5.94 ^a^   40.29 ± 3.54 ^c^    43.81 ± 4.98 ^c^
  CAT, U/mgprot      86.79 ± 9.14 ^a^    57.47 ± 9.12 ^c^     95.46 ± 8.85 ^a^   75.22 ± 5.16 ^b^    73.34 ± 6.42 ^b^
  GSH, mg/gprot      2.83 ± 0.18 ^b^     2.09 ± 0.20 ^c^      3.10 ± 0.22 ^a^    2.78 ± 0.18 ^b^     2.71 ± 0.23 ^b^
  GR, U/gprot        6.65 ± 0.65 ^a^     3.18 ± 0.30 ^c^      7.03 ± 0.48 ^a^    4.04 ± 0.42 ^b^     3.68 ± 0.34 ^b,c^
  GST, U/mgprot      25.28 ± 1.44 ^a^    19.03 ± 1.48 ^c^     26.49 ± 2.25 ^a^   21.96 ± 1.46 ^b^    22.82 ± 1.77 ^b^

Values are represented as the mean ± SD (*n* = 6). ^a--d^ Mean values within a row with different superscript letters were significantly different (*p* \< 0.05). AFB~1~, aflatoxin B~1~; GSPE, grape seed proanthocyanidin extract; MDA, malondialdehyde; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; GSH, glutathione; GR, glutathione reductase; GST, glutathione S-transferase.

toxins-09-00371-t005_Table 5

###### 

Basal diet formulations and nutritional contents.

  ------------------------------------- ------------------
  **Ingredients**                       **Percentage %**
  Corn                                  58.3
  Soybean meal                          30.2
  Fish meal                             5.6
  Soybean oil                           2.3
  Dicalcium phosphate                   1.2
  Lime stone                            1.00
  Salt                                  0.2
  Methionine                            0.2
  Premix ^1^                            1.00
  Total                                 100.00
  **Calculated chemical composition**   
  Crude protein                         21.87
  Metabolisable energy (MJ/kg)          13.45
  Lysine                                1.14
  Methionine                            0.40
  Methionine + Cystine                  0.94
  Calcium                               0.95
  Available phosphorus                  0.49
  ------------------------------------- ------------------

^1^ The premix contained (per kg of diet): Fe, 60 mg; Cu, 7.5 mg; Zn, 65 mg; Mn, 110 mg; I, 1.1 mg; Se, 0.4 mg; Biotin, 0.04 mg; choline chloride, 400 mg; vitamin A (from retinyl acetate), 4500 IU; vitamin D3 (from cholecalciferol), 1000 IU; vitamin K (menadione sodium bisulphate), 1.3 mg; vitamin B1, 2.2 mg; vitamin B2, 10 mg; vitamin B3, 10 mg; vitamin B5, 50 mg; vitamin B6, 4 mg; vitamin B11, 1 mg; vitamin B12, 0.013 mg.
